The success of methadone in treating opiate addiction has suggested that long-acting agonist therapies may be similarly useful for treating cocaine addiction. Here, we examined this hypothesis, using the slow-onset long-acting monoamine reuptake inhibitor 31,345, a transaminotetralin analog, in a variety of addiction-related animal models, and compared it with methadone's effects on heroin's actions in the same animal models. Systemic administration of 31,345 produced long-lasting enhancement of electrical brain-stimulation reward (BSR) and extracellular nucleus accumbens (NAc) dopamine (DA). Pretreatment with 31,345 augmented cocaine-enhanced BSR, prolonged cocaine-enhanced NAc DA, and produced a long-term (24-48 h) reduction in cocaine self-administration rate without obvious extinction pattern, suggesting an additive effect of 31,345 with cocaine. In contrast, methadone pretreatment not only dose-dependently inhibited heroin self-administration with an extinction pattern but also dose-dependently inhibited heroin-enhanced BSR and NAc DA, suggesting functional antagonism by methadone of heroin's actions. In addition, 31,345 appears to possess significant abuse liability, as it produces dose-dependent enhancement of BSR and NAc DA, maintains a low rate of self-administration behavior, and dose-dependently reinstates drug-seeking behavior. In contrast, methadone only partially maintains self-administration with an extinction pattern, and fails to induce reinstatement of drug-seeking behavior. These findings suggest that 31,345 is a cocaine-like slow-onset long-acting monoamine transporter inhibitor that may act as an agonist therapy for cocaine addiction. However, its pattern of action appears to be significantly different from that of methadone. Ideal agonist substitutes for cocaine should fully emulate methadone's actions, that is, functionally antagonizing cocaine's action while blocking monoamine transporters to augment synaptic DA.
INTRODUCTION
Cocaine abuse is a severe public health problem, for which no effective pharmacotherapy exists. It is believed that cocaine's abuse potential derives from blockade of monoamine transporters, especially dopamine (DA) transporters (DAT), leading to an increase in extracellular nucleus accumbens (NAc) DA (Di Chiara, 1995; Wise, 1996) . Given the success of long-acting agonist therapies, that is, methadone for opiate dependence (Dole and Nyswander, 1965; Dole et al, 1966; Kreek, 2000; Veilleux et al, 2010) , and nicotine replacement therapy (NRT) for smoking cessation (Kozlowski et al, 2007; Fiore et al, 2008) , it has been proposed that a monoamine transport or DAT inhibitor might similarly serve as an agonist therapy for cocaine and, thus, treat cocaine addiction (Rothman and Glowa, 1995; O'Brien, 1997) . To date, many such monoamine transport or DAT inhibitors have been developed, and several of them (such as GBR12909, dextroamphetamine, and methylphenidate) have been tested for anti-addiction potential (Platt et al, 2002; Howell and Wilcox, 2001; Newman and Kulkarni, 2002; Grabowski et al, 2004; Runyon and Carroll, 2006; Rothman et al, 2008) . However, none have proven successfulFlargely because of significant abuse liability by these compounds themselves and/or significant cardiovascular side effects.
Recently, DAT inhibitors with slow-onset, long-acting pharmacokinetic profiles have attracted attention. This is based on the finding that a drug's abuse liability is related to rate of onset and duration of action, that is, the quicker the onset and offset, the higher the abuse liability (Busto and Sellers, 1986; Oldendorf, 1992; Volkow et al, 1995; Woolverton and Wang, 2004) . Also, electrical brainstimulation reward (BSR) with slow decay parameters is less appetitive than BSR with fast decay parameters (Lepore and Franklin, 1992) , suggesting that brain reward of equivalent efficacy loses appetitiveness when altered to have slow-onset/offset kinetics. Thus, a slow-onset, longacting DAT inhibitor might reduce cocaine abuse by substitution, while itself having low abuse potential. This is supported by the finding that GBR12909 decanoate ester, a slowly released DAT inhibitor, produces prolonged (B30 day) suppression of cocaine self-administration in primates (Glowa et al, 1996) . Recently, we have developed several chemical series of slow-onset long-acting monoamine transport inhibitors as candidate pharmacotherapies for treating cocaine addiction (Froimowitz et al, 2000 (Froimowitz et al, , 2007 . The indanamine compound, 30,640, is one such candidate that significantly inhibits cocaine self-administration in rats (Gardner et al, 2006) . However, 30,640 appears to have low therapeutic potential because of high psychomotor-stimulating effects and probable abuse liability (Gardner et al, 2006) .
In this study, we evaluated the potential utility of the slow-onset long-acting monoamine transporter inhibitor 31,345, a trans-aminotetralin analog ( Figure 1 ) (Welch et al, 1984) , in animal models of cocaine addition. First, we characterized 31,345's pharmacological actions on BSR and NAc DA to determine whether it has the desired slow-onset long-acting DAT inhibitor profile. We then observed the effects of 31,345 on cocaine's actions on BSR and NAc DA, and on cocaine self-administration. To determine whether the effects of 31,345 on cocaine's actions are mediated by a mechanism similar to that of methadone on heroin's actions, we observed methadone's effects on heroin's actions in the same animal models. Finally, we investigated and compared abuse liability of 31,345 and methadone using a self-administration substitution procedure and a reinstatement of drug-seeking model.
MATERIALS AND METHODS

Animals
Male Long-Evans rats, initially weighing 250-300 g, were used for all experiments. They were housed individually in a climate-controlled animal colony room on a reversed light-dark cycle with free access to food and water. All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of the National Institute on Drug Abuse of the US National Institutes of Health.
Drugs and Chemicals
Cocaine and heroin were provided by RTI International (Research Triangle Park, NC) and methadone was obtained from Sigma Chemical (Saint Louis, MO). Compound 31,345 (trans-[4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl]dimethylammonium chloride) was synthesized at Pharm-Eco Laboratories, and dissolved in 25% or 5% 2-hydroxypropyl-b-cyclodextrin for intraperitoneal (i.p.) or intravenous (i.v.) administration, respectively.
Intracranial BSR
The general procedures for electrical BSR were as we have reported previously (Xi et al, 2006; Spiller et al, 2008) . Briefly, rats were anesthetized under sodium pentobarbital, and unilateral monopolar stainless-steel stimulating electrodes were surgically placed into the lateral hypothalamus (AP À2.56, ML ±1.9, and DV À8.6, according to the rat brain stereotaxic atlas of Paxinos and Watson, 1998) . After 7 days of recovery from surgery, rats were allowed to self-train (autoshape) to lever press for BSR. After establishment of lever pressing for BSR, animals were presented with a series of 16 different pulse frequencies, ranging from 141 to 25 Hz in descending order. The BSR threshold (y 0 ) was defined as the minimum frequency at which the animal responded for rewarding stimulation. Ymax was defined as the maximal rate of response. The BSR threshold (y 0 ) and Ymax were mathematically derived for each baseline run and each test run by analyzing each rate-frequency BSR function generated by a given animal over a given descending series of pulse frequencies using best-fit mathematical algorithms, as reported previously (Xi et al, 2006; Spiller et al, 2008) .
Testing the effects of cocaine or 31,345 on BSR. Once a baseline y 0 value was achieved (o15% variation over 3 continuous days), the effects of cocaine and/or 31,345 on BSR were assessed. On test days, animals randomly received one of three different doses of 31,345 (1, 5, or 10 mg/kg, i.p.) or vehicle (1 ml of 25% 2-hydroxypropyl-b-cyclodextrin) 30 min before a cocaine injection (2 mg/kg, i.p.). After each test, animals received an additional 5-7 days of BSR restabilization until a new baseline y 0 was established. The order of testing of various doses of 31,345 was counterbalanced. The effects of 31,345 alone on BSR or 31,345 pretreatment on cocaine-enhanced BSR were evaluated by comparing cocaine-induced alterations in y 0 value in the presence or absence of each dose of 31,345.
Testing the effects of heroin and/or methadone on BSR. In a similar way, two additional groups of rats were used to evaluate the effects of methadone (1, 3, 5 , and 8 mg/kg) alone on BSR and of methadone pretreatment on heroin (0.1, 0.2, and 0.3 mg/kg)-enhanced BSR. Long-acting agonist therapy for cocaine addiction X-Q Peng et al
In Vivo Brain Microdialysis
Surgery and in vivo brain microdialysis experiments were carried out as we have previously described (for example, Xi et al, 2003 Xi et al, , 2010 . Briefly, rats were anesthetized with sodium pentobarbital, and in vivo brain microdialysis guide cannulae were surgically implanted into the NAc at coordinates AP + 1.6, ML 2.0, DV À4.0, with surgical approach angle of 61 from vertical. In vivo microdialysis experiments were started when animals had recovered from surgery for at least 5-7 days.
Microdialysis procedure. Microdialysis probes, as described previously (Xi et al, 2003 (Xi et al, , 2010 , were inserted into the NAc through the guide cannulae at least 12 h before onset of experimentation to minimize effects of damageinduced neurochemical release during the experiment. Microdialysis samples were collected every 20 min into 10 ml of 0.5 M perchloric acid to prevent degradation of the collected chemicals. After 1 h of baseline sample collection, 31,345 (10 and 20 mg/kg), cocaine (10 mg/kg), methadone (5 and 8 mg/kg), heroin (0.25, 0.5 and 1.0 mg/kg), or vehicle was administered systemically. After collection, all samples were frozen at À80 1C until analyzed.
Quantification of DA. Microdialysate DA was measured using high-performance liquid chromatography coupled with electrochemical detection, as we have described previously (Xi et al, 2003) . The area under the curve Auc of the peak for DA was measured using the EZChrom Elite chromatography data analysis system (ESA Biosciences, Chelmsford, MA). The values of DA were quantified with an external standard curve (1-1000 pM).
Intravenous Self-Administration
Cocaine self-administration. Intravenous catheterization surgery and cocaine self-administration procedures were carried out as we have previously described (Xi et al, 2005) . Briefly, i.v. catheterization was performed under sodium pentobarbital anesthesia with aseptic surgical technique. After 7 days of recovery from surgery, animals were placed into standard operant chambers (Med Associates, Saint Albans, VT) for cocaine self-administration (0.5 mg/kg per infusion) under FR2 reinforcement. After stable cocaine-maintained responding was achieved (o10% variability in mean interresponse interval and o10% variability in mean active lever presses for at least 3 consecutive days), each rat randomly received one of three doses of either 31,345 (3, 10 or 20 mg/kg, i.p.) or vehicle (0.5 ml, 25% 2-hydroxypropyl-b-cyclodextrin, i.p.) 30 min before the test session. Animals then received an additional 5-7 days of self-administration of cocaine alone until the baseline response rate was reestablished before testing the next dose of 31,345. The order of testing for the various doses of drug or vehicle was counterbalanced.
31,345 self-administration. After stable cocaine self-administration was established, one group of animals (n ¼ 8) was switched to 31,345 (0.5 mg/kg per infusion) to determine whether the latter would sustain self-administration. Selfadministration procedures were identical to those for cocaine. Self-administration testing continued daily for 7 consecutive days. The same animals were then switched to vehicle (saline, 0.1 ml per infusion) for self-administration testing.
31,345-triggered reinstatement. After stable cocaine selfadministration was established, animals were exposed to extinction conditions, during which cocaine was replaced by saline, and the cocaine-associated cue light and tone were turned off. Daily 3-h extinction sessions for each rat continued until that rat lever pressed o10 times per 3-h session for at least 3 consecutive days. After meeting these extinction criteria, animals randomly received vehicle or one dose of 31,345 (1, 3, or 10 mg/kg, i.p.) immediately before the initiation of reinstatement testing. During reinstatement testing, conditions were identical to those in extinction sessions. Drug-induced active lever-pressing responses (reinstatement) were recorded, but did not lead to either cocaine infusions or presentation of the conditioned cues. Reinstatement test sessions lasted for 3 h.
Heroin self-administration. The procedure for heroin selfadministration was identical to that for cocaine selfadministration, except that the initial training dose of heroin was 0.1 mg/kg per infusion, subsequently reduced to 0.05 mg/kg per infusion for the actual experiments. After stable self-administration was established, each rat randomly received one of three doses of methadone (0, 5, 8 mgkg, i.p.) 2 h before the test session. Animals then received an additional 5-7 days of self-administration of heroin alone until the baseline response rate was reestablished before testing the next dose of methadone. The effects of methadone on heroin self-administration were observed.
Methadone self-administration. After stable heroin selfadministration was established, one group of animals (n ¼ 11) was switched to methadone (0.1 mg/kg per infusion) to determine whether the latter would sustain self-administration. Self-administration procedures were identical to those for heroin. Self-administration testing continued daily for 7 consecutive days. The same animals were then switched to vehicle (saline, 0.1 ml per infusion) for self-administration testing.
Methadone-triggered reinstatement. After stable heroin self-administration was established, animals were exposed to extinction conditions, during which heroin was replaced by saline, and the heroin-associated cue light and tone were turned off. Daily 3-h extinction sessions for each rat continued until that rat lever pressed o10 times per 3-h session for at least 3 consecutive days. After meeting these extinction criteria, animals randomly received vehicle or one dose of methadone (1, 2, 3 or 5 mg/kg, i.p., s.c.) or heroin (0.25 mg/kg, s.c.) immediately before the initiation of reinstatement testing. During reinstatement testing, conditions were identical to those in extinction sessions. Druginduced active lever-pressing responses (reinstatement) were recorded, but did not lead to either heroin infusions or presentation of the conditioned cues. Reinstatement test sessions lasted for 3 h.
Locomotor Activity Measurement
The effects of methadone on locomotion were assessed in heroin self-administration rats. Before methadone administration, each animal was placed in a locomotor detection chamber (Accuscan, Columbus, OH) for habituation (3 h per day for 3 days). On test days, animals randomly received one of three different doses of methadone (0, 5, or 8 mg/kg, i.p.), and were then placed into the locomotor detection monitors for 5 h. After each test, animals received an additional 3 days of heroin self-administration. The order of testing for various doses of methadone was counterbalanced.
Histology
After BSR or in vivo microdialysis experiments, rats were given an overdose of pentobarbital (4100 mg/kg, i.p.) and transcardially perfused with 0.9% saline followed by 10% formalin. Brains were removed and placed in 10% formalin for at least 1 week. Tissue was blocked around the anatomic site of the electrode tip or guide cannula, and sections (100 mm thick) were made by vibratome through the area. The brain sections were then stained with cresyl violet. Anatomical placement was verified by visual microscopic examination.
Data Analyses
All data are presented as means ± SEM. One-way or two-way analyses of variance (ANOVA) were used to analyze the effects of 31,345 or methadone on cocaine's or heroin's behavioral or neurochemical effects. Individual group comparisons were carried out using the Bonferroni tstatistic for pre-planned a priori comparisons.
RESULTS
Effects of 31,345 on BSR and on Cocaine-Enhanced BSR Figure 2a shows that systemic administration of 31,345 (10 mg/kg, i. p.) produced a sustained enhancement of BSR, an effect that lasted for B6 h when compared with pre-drug baseline and for at least 24 h when compared with the vehicle treatment group. Two-way ANOVA for repeated measurements over time revealed a statistically significant treatment main effect (F 1, 11 ¼ 35.23, po0.001), time main effect (F 1, 9 ¼ 5.07, po0.001), and treatment Â time interaction (F 9, 99 ¼ 2.31, po0.05). Figure 2b shows that 31,345-induced enhancement of BSR was dose dependent (F 3, 12 ¼ 13.56, po0.001). Figure 2c shows that pretreatment with 31,345 produced an augmentation of cocaine's enhancement of BSR in a dose-dependent manner (F 3, 24 ¼ 5.18, po0.01). Individual group comparison results are directly marked on each individual figure panel.
Effects of 31,345 on Basal and Cocaine-Enhanced NAc DA Figure 3a shows that 31,345 (10, 20 mg/kg, i.p.) produced a dose-dependent long-term (412 h) increase in NAc DA, with a 20-60 min latency of onset. In contrast, acute cocaine (10 mg/kg, i.p.) produced a rapid and short-term increase in NAc DA. Two-way ANOVA for repeated measurements over time indicated a statistically significant treatment main effect (F 2, 14 ¼ 22.50, po0.001). Individual group comparisons Long-acting agonist therapy for cocaine addiction X-Q Peng et al Long-acting agonist therapy for cocaine addiction X-Q Peng et al indicated that 31,345-induced increases in DA were statistically significant after 10 mg/kg cocaine or 10 mg/kg or 20 mg/kg 31,345 administration, when compared with baselines in each dose group. Figure 3b and c shows that pretreatment with 31,345 (10 or 20 mg/kg, i.p., 2 h before cocaine) produced minimal overall effect on cocaine's enhancement of NAc DA, as compared with vehicle pretreatment. Renormalization of cocaine-enhanced DA data illustrated in Figure 3b based on baselines immediately before cocaine administration indicated that, overall, 31,345 pretreatment had relatively minimal effect on cocaine's enhancing action on NAc extracellular DA (Figure 3c ). Two-way ANOVA for repeated measurements for the data shown in Figure 3c Pretreatment with 31,345 Decreases Cocaine Self-Administration Figure 4a shows representative records of cocaine selfadministration under FR2 reinforcement, illustrating that 20 mg/kg of 31,345 significantly decreased cocaine selfadministration rate and increased cocaine interinfusion intervals. The reduction in cocaine infusion rate was observed 1 h after 31,345 administration and lasted for B24 h. Figure 4b shows the mean time course of 31,345-induced reduction in cocaine self-administration. One-way ANOVA indicated a significant reduction in cocaine selfadministration after 31,345 administration (F 3, 18 ¼ 74.46, po0.001) . Figure 4c shows the dose effects of 31,345 on cocaine self-administration, indicating that 31,345 dose-dependently decreased cocaine self-administration rates when given either 1 h (F 3, 32 ¼ 11.92, po0.001) or 4 h (F 3, 22 ¼ 17.18, po0.001) before cocaine self-administration testing. Importantly, cocaine self-administration showed no extinction-like behavioral pattern after 31,345 administration. 31,345 did not significantly alter inactive lever presses (data not shown).
31,345 Self-Administration and 31,345-Triggered Reinstatement of Drug Seeking
To determine abuse liability of 31,345, we observed whether 31,345 was capable of maintaining self-administration behavior in cocaine self-administration rats. Figure 5a and b shows that 31,345, at 0.5 mg/kg per infusion, maintained a low rate of self-administration without an obvious extinction pattern over 7 consecutive days. In contrast, when the Long-acting agonist therapy for cocaine addiction X-Q Peng et al same rats were switched to vehicle, self-administration behavior was not maintained (Figure 5b ). One-way ANOVA for repeated measures revealed a statistically significant time main effect of time (Figure 5b: F 7, 49 ¼ 6.40, po0.001), and individual group comparisons indicated a significant reduction in self-administration after substitution of 31,345, as compared with the last day of cocaine self-administration. Importantly, infusion rates during 31,345 substitution were significantly higher than those for vehicle (Figure 5b ). There were no significant alterations in inactive lever presses (data not shown). Figure 5c shows that 31,345 (1, 3, or 10 mg/kg, i.p.) reinstated drug-seeking behavior in a dose-orderly fashion in rats extinguished from previous cocaine self-administration (F 5, 40 ¼ 4.63, po0.01). Figure 6a shows that methadone produced a significant enhancement of BSR (F 4, 25 ¼ 5.06; po0.01), with peak enhancement at 3 mg/kg (t ¼ 4.18, po0.01), as compared with vehicle. Figure 6b shows Figure 7b shows that pretreatment with methadone significantly attenuated heroin-enhanced NAc DA. Renormalization of the changes in NAc DA produced by the combined actions of methadone plus heroin over baselines immediately before heroin administration (Figure 7c ) revealed a significant blockade by methadone of heroinenhanced NAc DA. Two-way ANOVA for repeated measurements over time of the data shown in Figure 7c indicated a statistically significant treatment main effect (F 2, 21 ¼ 9.28, po0.01), time main effect (F 14, 294 ¼ 11.08, po0.001), and treatment Â time interaction (F 28, 294 ¼ 11.08, po0.001). Individual group comparisons indicated that methadone pretreatment significantly inhibited heroininduced NAc DA augmentation after 5 mg/kg (t ¼ 2.95, po0.05) or 8 mg/kg (t ¼ 4.08, po0.01) methadone pretreatment. Figure 7d shows that pretreatment with methadone (5 mg/kg, 2 h before heroin) significantly shifted heroin's dose-response effect on extracellular DA downward and to the right. Two-way ANOVA for repeated measures over heroin dose (Figure 7d ) revealed a statistically significant treatment (vehicle vs methadone) main effect (F 1, 18 ¼ 34.25, Long-acting agonist therapy for cocaine addiction X-Q Peng et al po0.001), but not a statistically significant heroin dose main effect (F 2, 18 ¼ 2.79, p ¼ 0.088). Individual group comparisons revealed a significant reduction in heroinenhanced extracellular DA at each dose of heroin after methadone pretreatment (Figure 7d ). Figure 8 shows that pretreatment with methadone, at 5 mg/kg, produced a significant reduction in heroin selfadministration rate and an increase in heroin interinfusion intervals (Figure 8a ). When the dose was increased to 8 mg/kg, methadone produced complete cessation of heroin self-administration in five of eight animals tested (Figure 8a and b), with the other three animals displaying a typical extinction pattern of heroin self-administration, that is, an initial robust increase of, followed by cessation of, drugseeking behavior (pattern not shown). Figure 8b shows the time courses of heroin self-administration after different doses of methadone pretreatment. Figure 8c shows the mean numbers of infusions or inactive lever presses after methadone administration. One-way ANOVA revealed a statistically significant reduction in the mean numbers of heroin infusions (Figure 8c , left panel: F 2, 14 ¼ 39.53, po0.001) after 5 mg/kg (t ¼ 2.96, po0.05) or 8 mg/kg (t ¼ 8.74, po0.001) methadone pretreatment. In contrast, methadone did not significantly alter the number of inactive lever presses (Figure 8c, right panel) , suggesting a selective inhibition of heroin-seeking behavior. To further determine whether such inhibition in heroin self-administration is due to a reduction in locomotor ability after methadone administration, we further observed the effects of methadone on locomotor activity in heroin self-administration rats. We found that the same doses of methadone (5 and 8 mg/kg) did not produce significant inhibition of locomotor activity within 5 h after methadone pretreatment (data not shown).
Effects of Methadone on BSR and on Heroin-Enhanced BSR
Effects of Methadone on Heroin Self-Administration
Methadone Self-Administration and Methadone-Triggered Reinstatement of Drug Seeking Figure 9a shows representative methadone self-administration records in rats previously trained for heroin selfadministration. Methadone, at the same dose (0.05 mg/kg) as heroin, failed to maintain self-administration (data not shown). However, when the dose was increased to 0.1 mg/kg per infusion, methadone maintained a high rate of selfadministration initially (substitution days 1 and 2), which then progressively decreased over time (daily sessions) with an extinction-like pattern (Figure 9a and b) . When the same rats were switched to vehicle, self-administration behavior was not maintained (Figure 9b ). Figure 9c shows that 
Anatomic Verification of Microdialysis Probe Placements in the Brain
The locations of the NAc microdialysis probes are illustrated in Figure 10 . The active semipermeable membranes of the microdialysis probes were located within both the medial NAc core and shell, with a small degree of preferential location within the shell compartment. There were no obvious differences in placement across the different experimental groups of rats. Subjects with probe placements outside the NAc were excluded from the experiment.
DISCUSSION
Since the development of methadone pharmacotherapy for opiate addiction (Dole and Nyswander, 1965; Dole et al, 1966) , the widespread assumption has been that methadone is a longacting opioid agonist that exerts its antiopiate effects by agonist substitution (Veilleux et al, 2010) . This assumption has driven the development of slow-onset long-acting monoamine or DAT inhibitors as potential pharmacotherapies for cocaine and other psychostimulant addiction (Newman and Kulkarni, 2002; Wise and Gardner, 2004; Runyon and Carroll, 2006; Rothman et al, 2008) . The present experiments showed that compound 31,345 is a slow-onset, long-acting monoamine reuptake inhibitor, produced additive effects with cocaine on BSR and NAc DA, and suppressed cocaine self-administration without a behavioral extinction pattern. These properties appear to be different from the effects of methadone on heroin's actions. Methadone pretreatment dose-dependently inhibited heroinenhanced BSR, heroin-enhanced NAc DA, and heroin selfadministration with a behavioral extinction pattern. These findings suggest that methadone's therapeutic efficacy is likely to be mediated by a simultaneous combination of opiate agonist substitution for heroin's action at the m-opiate receptor plus functional antagonism of subsequent heroin actions at the m-opiate receptor. Thus, ideal anticocaine compounds should emulate methadone's actions, that is, act as functional antagonists of cocaine or other psychostimulants, while at the same time substituting for them as transporter substrates.
31,345 is a Slow-Onset Long-Acting Monoamine Transporter Inhibitor
Recent years have seen development of many DA or monoamine transporter inhibitors (Platt et al, 2002; Howell and Wilcox, 2001 ; Newman and Kulkarni, 2002; Runyon Long-acting agonist therapy for cocaine addiction X-Q Peng et al Rothman et al, 2008) , only a few of which have slow-onset, long-acting properties (Froimowitz et al, 2000 (Froimowitz et al, , 2007 Carroll et al, 2006) . Compound 31,345 is a prodrug, which is metabolized (N-demethylated) to 31,346, a potent monoamine transporter inhibitor that has relatively higher affinity for human DAT and serotonin transporters than for norepinephrine transporters (Ki ¼ 18, 23 and 81 nM, respectively) (Welch et al, 1984) . The present data demonstrate that a single injection of 31,345 produces markedly slow-onset (20-60 min) and longduration (at least 12 h) BSR enhancement and augmented extracellular NAc DA. 31,345 also produced prolonged (24-48 h) suppression of i.v. cocaine self-administration. These findings confirm 31,345's slow-onset, long-acting profile.
31,345 Pretreatment Inhibits Cocaine Self-Administration
Pretreatment with 31,345 produced a dose-dependent longterm decrease in cocaine self-administration similar to that seen after a single injection of 30,640 (a slow-onset, longacting DAT inhibitor of the indanamine class) (Gardner et al, 2006) or GBR12909 decanoate (a slow-release DAT inhibitor) (Glowa et al, 1996; Howell and Wilcox, 2001) . Given that drug infusion rates are located within the descending slope of the inverse U-shaped cocaine doseresponse curve for self-administration (LeSage et al, 1999; Xi et al, 2010) , 31,345's attenuation of cocaine selfadministration suggests hedonic satiation to cocaine's rewarding effects (Gardner, 2000; Xi et al, 2010) . This is consistent with findings that DA receptor agonists decrease, whereas antagonists increase cocaine self-administration (Koob et al, 1987; Bergman et al, 1990; Rothman and Glowa, 1995) . Importantly, we did not observe extinction-like selfadministration patterns after 31,345 pretreatment, suggesting that it did not produce antagonist-like inhibition of cocaine's rewarding effects.
It is generally accepted that the addictive effects of cocaine are attributable to mesolimbic DAT inhibition (Di Chiara, 1995; Wise, 1996) . We found that acute 31,345 produced sustained NAc DA elevation, whereas pretreatment with high-dose 31,345 prolonged cocaine-enhanced NAc DA. We believe that this increase in DA contributed to the observed reduction in cocaine self-administration. This augmentation may be explained by the assumption that cocaine and 31,345 have different binding sites on the DAT. On this assumption, 31,345's binding to transporters at one site may enhance cocaine's binding and/or action on the DAT. This assumption appears to be supported by recent findings that DAT conformation and function is dynamically regulated by multiple intracellular and extracellular signaling pathways (Zahniser and Sorkin, 2004; Chen and Reith, 2007) . In addition, the DAT can recycle between cell surface and cytosol (Loder and Melikian, 2003; Kahlig et al, 2006) , such recycling being regulated by presynaptic DA (D2, D3) receptors (Mayfield and Zahniser, 2001; Bolan et al, 2007; Zapata et al, 2007) and DAT ligands (Chi and Reith, 2003; Daws et al, 2002; Little et al, 2002) . Very importantly, different DAT inhibitors produce different conformational states of the DAT, and these different conformational states differentially permit or prevent ligand binding to the DAT (Reith et al, 2001; Saunders et al, 2000; Chen et al, 2006; Loland et al, 2008) . This assumption may explain the additive pharmacological effects seen after the combination of cocaine and 31,345, speaking to satiation of mesolimbic DA hedonic substrates (present study) or antagonistic behavioral and subjective effects seen after the combination of cocaine and other DAT inhibitors (Desai et al, 2005; Ferragud et al, 2009 ).
Methadone Pretreatment Inhibits Behavioral and Neurochemical Effects of Heroin
Methadone pretreatment dose-dependently inhibited heroin self-administration in rats with an extinction pattern that is different from that of 31,345 on cocaine self-administration. Low-dose methadone modestly lowered heroin self-administration rate and increased interinfusion intervals, with peak effect occurring within 20 min after methadone administration. At higher dose, methadone completely inhibited heroin self-administration in most animals tested. This decreased heroin self-administration is unlikely to have been due to methadone-induced nonspecific motoric inhibition, because methadone neither produced motoric inhibition in rats during maintenance of heroin selfadministration (data not shown) nor altered inactive lever presses or Ymax (maximal lever presses per 30 s) in BSR. Thus, the simplest explanation for methadone-induced reduction in heroin self-administration is that methadone produces a dose-dependent reduction in heroin's rewarding efficacy, leading to cessation of heroin self-administration behavior after high methadone doses (Xi and Stein, 2002 ). This conclusion is supported by our findings that methadone dose-dependently attenuated heroin-enhanced BSR and heroin-enhanced NAc DA, blocked heroin-induced dose-dependent enhancement of BSR, and shifted heroin's dose-response effects on in BSR or extracellular DA downward and to the right. These findings are consistent with previous reports that methadone maintenance Long-acting agonist therapy for cocaine addiction X-Q Peng et al significantly inhibits heroin self-administration in dogs and heroin-induced reinstatement of drug-seeking behavior in rats (Jones and Prada, 1977; Leri et al, 2004) , blocks striatal DA response to opioids as assessed by position emission tomography (Daglish et al, 2008) , and inhibits heroin selfadministration and the heroin-induced 'high' in human addicts (Donny et al, 2002 (Donny et al, , 2005 .
With respect to possible mechanisms underlying the pharmacotherapeutic effects of methadone, first, methadone binding to m-opiate receptors leads to a significant long-lasting increase in extracellular NAc DA. As opiate addicts have been shown to have significant deficits in brain DA function (Kuhar and Pilotte, 1996; Gardner, 2000; Koob et al, 2004) , this increase in NAc DA produced by methadone may normalize such hypofunctional DA transmission, thereby decreasing motivation (craving) for drugseeking and drug-taking behaviors (that is, agonist substitution action). Second, methadone binding to m-opiate receptors may lead to opiate receptor internalization and cross-tolerance (Keith et al, 1998; Kramer and Simon, 1999; Patel et al, 2002) , which may explain the attenuation of heroin's action on extracellular DA and brain reward functions after methadone pretreatment (that is, functional antagonist action).
Potential Utility of 31,345 for Treatment of Cocaine Addiction
It is widely believed that slow-onset long-duration DAT or monoamine transport inhibitors have less abuse potential than rapid-onset short-acting transport inhibitors such as cocaine (Volkow et al, 1995) . This belief has been a major factor supporting the slow-onset, long-acting DAT inhibitor medication development strategy. However, the present findings do not appear to support this view, because 31,345 produced significant dose-dependent enhancement of BSR and NAc DA. It also dose-dependently reinstated drugseeking behavior and maintained a stable (although low) rate of self-administration behavior. These data suggest that DAT ligands with slow-onset long-acting profile still have significant abuse liability. This is congruent with similar findings with GBR12909 and other long-acting DAT inhibitors (Howell and Wilcox, 2001; Carroll et al, 2006; Gardner et al, 2006) . In contrast to 31,345, methadone replacement neither maintained stable self-administration over time in heroin self-administration rats nor reinstated extinguished drug-seeking behavior, suggesting a low abuse potential for methadone. Notwithstanding possible abuse liability, 31,345 may still have pharmacotherapeutic potential in the treatment of cocaine addiction, because (1) a single injection of 31,345 produced long-term (424 h) inhibition of cocaine self-administration; (2) the selfadministration maintained by 31,345 was substantially less than that maintained by cocaine; and (3) the relatively weak reinforcing properties of 31,345 might be helpful in relieving dysphoria, craving, or abstinence symptoms.
In conclusion, the slow-onset, long-acting monoamine transporter inhibitors 31,345 (present study) and 30,640 (Gardner et al, 2006 ) augment cocaine's actions, whereas methadone and NRT-supplied nicotine inhibit heroin's or smoking-supplied nicotine's actions, respectively. As methadone and NRT-supplied nicotine have proven anti-addiction efficacy, we suggest that further development of anti-addiction medications using the slow-onset, longacting monoamine reuptake blockade strategy epitomized by 31,345 and 30,640 should strive to more fully emulate methadone's action on heroin's effects, that is, to inhibit, rather than augment, cocaine's actions on brain reward and NAc DA. Lacking that functional antagonism, the anticocaine medication development strategy with slowonset, long-acting DAT or monoamine transport inhibitors may fall short of full success.
